In this work, we present the result of nickel (Ni)-based metamaterial perfect absorbers (MPA) with ultra-broadband close-to-one absorbance. The experimental broadband characteristic is significantly improved over the past effort on metamaterial perfect absorbers. An indepth physical picture and quantitative analysis is presented to reveal the physical origin of its ultrabroadband nature. The key constituent is the cancellation of the reflected wave using ultra-thin, moderate-extinction metallic films. The ultra-thin metal thickness can reduce the reflection as the optical field penetrates through the metallic films. This leads to minimal reflection at each ultra-thin metal layer, and light is penetrating into the Ni/SiO 2 stacking. More intuitively, when the layer thickness is much smaller than the photon wavelength, the layer is essentially invisible to the photons. This results in absorption in the metal thin-film through penetration while there is minimal reflection by the metal film. More importantly, the experimental evidence for omni-directionality and polarization-insensitivity are established for the proposed design. Detailed measurement is conducted. Due to the ultrathin metal layers and the satisfactory tolerance in dielectric thickness, the broadband absorption has minimal degradation at oblique incidence. Such a wide angle, polarizationinsensitive, ultra-broadband MPA can be very promising in the future, and the optical physics using sub-skin-depth metal film can also facilitate miniaturized high-performance nano-photonic devices. 
Introduction
Broadband or narrowband perfect absorption is important for many photonic applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The previous effort includes hyperbolic metamaterial tapers [3, 20, 21] , metallic nanocones [15] , plasmonic absorbers [4, 17] , quasi-guided mode resonances in metal-dielectric-metal cavities [17] , a composite metallic grating with multiple periodicities and filling factors [8] , etc. Essentially, the narrowband perfect absorption is relatively easy to implement due to the fact that the confinement of photons at a specific wavelength can be achieved using various optical phenomena. These include guided mode resonances [2, 6, 17, [22] [23] [24] , plasmonic resonances [25] [26] [27] [28] [29] [30] [31] , slow-light absorption enhancement, photonic density of states (PDOS) engineering in periodic structures [32] . On the other hand, the ultrabroadband absorption can be challenging in the aspect that it is difficult to find an optical phenomenon that can exist consistently over a broad spectral range and contribute to a broadband absorption. Additionally, omni-directionality and polarization independence are even more challenging aspects. In our recent publications [11] , we show that the field penetration can be an important physical phenomenon that can push forward the progress of metamaterial perfect absorbers (MPAs). The decent performance is reflected in its close-to-unity absorption over a very wide spectral range, with wavelength scalability. The additional advantage is in the fully planarized nature where the lithography and etching is totally unnecessary. In our past effort, Ti-based MPAs are used to demonstrate the concept. Due to the fabrication using electrongun (e-gun) evaporators, the thickness control of Ti thin-film at an ultra-thin thickness presents some difficulty. In this study, we use nickel (Ni)-based MPAs to show that the absorbance can actually be very close to unity using ultrathin metal layers.
Similar to distributed Bragg reflectors where the quarter-wave slabs are the key to the success of dielectric mirrors [32] , we show in this paper that the ultra-thin metal films can be invisible to the incoming photons, leading to reflected-wave-cancellation and high transmission through the ultra-thin metallic films. Such a phenomenon is the key to the perfect absorption because the photons are absorbed by the ultra-thin metallic film without reflections. The phased ray-tracing analysis using an infinite series is conducted here, and we prove that the low reflectance and the high transmittance can indeed be achieved at the ultrathin metallic film. Additionally, the accurate wave optics modeling result is presented to confirm the analytical result, and the same conclusion is arrived.
Finally, the experimental omnidirectionality for our proposed design using field penetration in moderately extinction metals is presented. Due to the physics of field penetration through the ultra-thin metallic film is, in fact, robust to the oblique incidence, the total broadband high absorbance can still be maintained at oblique incidence angles. This point will be explained in more detail in section 3. The simulation is conducted using rigorously coupled wave analysis (RCWA). The material dispersion is from Rsoft material database [33] . The silicon dioxide (SiO 2 ) refractive index and extinction coefficient (n-k) are tabulated data for various wavelengths. The nickel (Ni) nk is from an analytical expression using a Lorentz model. The measured n-k using an J.A. Woollam M2000 ellipsometer matches the Rsoft database well. In fact, the structure of multilayer planar MPAs using field penetration is not very sensitive to the material n-k due to it is a robust design. As a result, a slight deviation of material n-k due to different deposition methods is not an issue. Also, the design has robustness to the geometry variation from the process variation. For example, for the λ = 400nm-2000nm absorption range, t SiO2 can range from 80nm to 150nm while the Ni-based MPA still provides a broad absorption band. In addition, it is worth to point out when t SiO2 goes beyond 150nm, the absorption band can still exist for λ = 400nm-2000nm except some absorption dips in the spectral response. On the other hand, for the case of excessively-thin t SiO2 , the insufficiently-spaced thin metallic layers leads to the situation where the bulk property of the metal becomes more pronounced instead of the ultrathin metallic film property. As a result, excessively-thin t SiO2 is not desired. In short, when the metal film is thin enough, the number of pairs is sufficient for full absorption, and t SiO2 is within the tolerance range, the broadband unity absorption can be achieved. Due to the above-mentioned reasons, the optimization algorithm for geometry selection is not necessary, and the proposed MPA design achieves a simple-design, simple-simulation, and simple-fabrication photonic device. Later we will show that the physics behind our ultrathin-metal MPAs, and it will be clear that the satisfactory oxide spacer tolerance comes from the fact that the field penetration phenomenon does not significantly change with the dielectric spacer thickness for a wide range of photon energies and incident angles, provided the metal film is thin enough. Such physics leads to the realization of true ultra-broadband MPAs using a simple design. The experiment detail will be stated in section 4. The device structure is plotted in Fig. 1(a) . Alternating layers of Ni/SiO 2 is used in this study. Other metals and dielectrics can also be used without affecting the MPA characteristics if the metal extinction coefficient (k) is at a moderate level and facilitates field penetration. For the metallic thickness of 1nm to 2nm, which is the practical lower limit using e-gun evaporation, the k value below 5 is necessary to achieve MPA characteristics. Of course, for excessively low k such as k<1, the MPA is still achievable, but the number of alternating pairs should be increased accordingly to achieve full absorption. The layer thickness t metal and t SiO2 will be stated in the figure captions for each simulation/experimental effort. The wavelength range in this study is visible to near infrared (NIR). The incidence angle is varying from 0° to 60° and both TE and TM results are presented. Essentially, the dependence on the photon polarization is quite weak for our proposed design. This is also due to the fact that the ultra-thin metallic film field penetration and reflected-wave-cancellation do not depend strongly on the photon polarizations. The field profile and the power absorption at harmonic steady state is plotted in Fig. 1(b) . The gradually decayed electromagnetic field indicates that the absorption in the ultrathin metallic films is effective. The power absorption plot further confirms that the power absorption in the ultrathin metal films. It can be observed that the power absorption is the highest at the first metal film and then gradually decays at the subsequent metallic films underneath. This is correct because the optical power gradually decays with the penetration into the MPA, and therefore the power absorption is also declined accordingly. The broadband and omnidirectional nature of proposed planar ultrathin metal MPAs can be analyzed in a more intuitive way using phased optical ray tracing. The technique is similarly employed for distributed Bragg reflectors (DBR) and leads to the conclusion that the quarterwavelength slabs are necessary for a broadband high reflection. Other related photonic devices, such as Fabry-Perot interferometers and narrowband filters, can also be analyzed and designed using this technique. In this manner, the layer thickness and the arrangement of a quarter or half wavelength slabs may be known before performing full wave optics simulations [34, 35] . One thing to note is that the quasi-guided mode, plasmonic excitations, or diffraction grating is absent in our current design. This fact facilitates the broadband and omnidirectional nature. The reason is that the mode excitations can strongly depend on the wavelength and incident angles, evident from the photonic crystal theory [32] . The intersection of the line lines at a specific incidence angle and the photonic band structure determine the wavelength and the angle that provide quasi-guided mode excitation.
Method and phased-ray analysis
The ray tracing in our proposed ultrathin metal MPAs can be illustrated using Fig. 2 . The thin metal is like a thin-film interferometer, and its thickness can affect the interference condition for the reflected rays. In order to know the total reflection at harmonic steady state, the infinite series of all reflected rays, I R1 , I R2 , I R3 , I R4 ,…., should be summed. The phase difference between these reflected rays I Ri , comes from the optical path length inside the metal film and from the phase change by reflection and transmission. The phase change by reflection and transmission can be significant for metals due to the large imaginary part in their refractive indices. The sum of reflected rays can be written as, 
where I 0 is the incident ray, I Ri is the i th order reflection. Γ and Τ is the field amplitude reflection and transmission coefficients, and the subscript Oxide2Ni denotes the wave comes from the oxide to nickel, and Ni2oxide denotes the wave comes from nickel to oxide. k is the complex wave vector in metal, and d is the thickness of the ultra-thin metallic layer. It is illustrative if we examine the situation where the metal thickness becomes minuscule: 
It can be concluded from Eq. (2) that as the metal film becomes ultra-thin, the reflection becomes negligible. Strictly speaking, if the metal layer thickness becomes close-to-zero, the transmittance will be close-to-one, the reflectance will be close-to-zero, and the absorbance will also be close-to-zero. In this case, a large number of metal-dielectric pairs is necessary for full absorption since a single metallic layer absorbs a minuscule amount of optical power. In practical application, several nanometer thickness is appropriate for low reflection and a reasonable amount of absorption in a single metal layer, for moderate-extinction metals such as Ti or Ni. The stacking of multiple metal layers leads to full absorption. In the derivation in Eq. (2), we use the identity: 
The identity in Eq. (3) 
The field reflection and transmission coefficients can be derived using the boundary conditions for Maxwell's equations, and this can be found in the standard field and wave textbooks [32, 34, 35] . It can also be verified that at the ultra-thin metallic film thickness, the transmission will be close to I 0 : 
Due to the paper length limitation, the derivation details are not shown here. The conclusion of vanished reflection, or equivalently unity transmission, is significant for the application of perfect absorption. In fact, such a conclusion is within expectation because when the layer thickness becomes much smaller than the wavelength, the photon cannot perceive the layer's presence. This feature leads to the situation where the photons can penetrate the thin metal films without perceiving them while a small amount of the optical power is dissipated during the process. Because only a small amount of optical power is dissipated in the ultrathin metal film, multiple layers are necessary to achieve full-absorption MPAs. It should be emphasized that the analysis here does not have strong wavelength dependence. As long as the ultrathin metal is used, the reflected wave cancellation exists for a broad range of photon energies. It is not difficult to repeat the derivation in Eqs.
(1)-(6) for oblique incidence with some modification in Τ and Γ in Eqs. (4) and (5) [32, 35] . It can be verified that as the metal film becomes ultrathin, minimal reflection can be achieved at oblique incidence. As a result, broadband and omnidirectional MPA is realized. Figure 3 plots the realistic situation using RCWA wave-optics simulation, and the results confirm our phased-ray-tracing conclusion. A thin layer of Ni film is placed in SiO 2 background, and the reflectance (R), the transmittance (T), and the absorbance (A) are calculated. The transmittance, absorbance, and reflectance is calculated over a broad wavelength range. Figure 3 plots the situation for 2nm and 1nm Ni film. It can be seen that the reflection is negligible. The absorption is around 0.2 for 2nm thick Ni film and 0.1 for 1nm thick Ni film, and thus, 10 pairs of Ni/SiO 2 should be enough for full absorption. Reduced Ni thickness is beneficial for the purpose of MPAs, which is evident from comparing Figs. 3(a) and 3(b) . It can be observed that as the Ni thickness is decreased, the situation becomes more similar to the phased ray tracing analysis in Eqs. (1)-(6). For oblique incidence, the perfect absorption is robust to the incidence angle, evident from Figs. 3(c) and 3(d) for the case of 60° TE and 60° TM incidences. The physical reason for the decent angular response is due to the fact the phenomenon depicted in our phased ray tracing analysis does not strongly depend on the incidence angle. At oblique incidence, the vanished reflection at an ultrathin metal film thickness is still present, provided the metal film thickness be thin enough for a particular oblique incidence angle. The effective optical path length inside the metal films can be longer for oblique incidence, and thus thinner metal films are preferred for wide-angle MPAs. Nevertheless, thinner metal films inevitably require more pairs of metal/dielectric stacking. The derivation from Eqs. (1)- (6) can, in fact, be reproduced for oblique incidence with some modification in the expression of Τ and Γ in Eqs. (4) and (5) [32, 35] .
Finally, we want to point out that the reflected-wave cancellation is achieved with a single ultrathin metal film, as derived in this section. This leads to a satisfactory tolerance in the dielectric spacer thickness selection. In contrast, if the reflected wave cancellation counts on the destructive interference between the reflected waves by the adjacent metallic films separated by dielectric spacers, the dielectric space thickness can dramatically change the interference condition. In our design, the ultrathin metal film provides reflected wave cancellation by itself and, therefore, relaxes the constraint on dielectric spacer thickness selection. 
Experiment
A 200nm Ni or Ti layer is deposited on a bare silicon wafer. Afterward, 16 pairs of Ni/SiO 2 or Ti/SiO 2 alternating layers are deposited sequentially. The deposition of the Ni-based MPAs is done with AST PEVA 600I electron gun (e-gun) evaporators. The deposition of SiO 2 , Ni, and Ti films is conducted at 5 × 10 −6 , 3 × 10 −6 , and 3 × 10 −6 torr, respectively, without substrate heating. The deposition rate for e-gun evaporation is 0.1nm/sec for Ni, 0.5nm/sec for Ti and 0.2nm/sec for SiO 2 . Further optimization of the surface roughness and thin film morphology is possible with the adjustment of the deposition pressure and rate. For a fully smooth film, the metalorganic chemical vapor deposition, molecular beam epitaxy, or atomic layer deposition can be employed. For 1nm Ni MPAs, the deposition of Ni using e-gun evaporator has to be done in different runs. This is because the Ni deposition rate is gradually increased with the number of deposited pairs due to the heating of the target. This results in more difficulty to control the thickness to the ultra-thin dimension of 1nm. Therefore, we break the 16-pair deposition of the 1nm-Ni MPA into several runs to let the target cool down. The measurement configuration of the normal incidence absorbance using Hitachi U-4100 is illustrated in Fig. 4 .
The normal incidence data is plotted in Fig. 5 , for different Ni-based or Ti-based MPAs. The surface roughness data is measured by using atomic force microscope (AFM) and shown in Fig. 6 . No polarizer is installed for the measurement in Fig. 5 , and thus all polarizations exist. It can be seen in Fig. 5 that although 1nm Ni MPAs should, in theory, have the better response than 2nm Ni, the measured data is worse than 2nm Ni MPA. This is because the 1nm Ni film is too thin, and the excessively short e-gun deposition time can affect the initial nucleation. Using e-gun to deposit 1nm Ni with the current deposition rate of 0.2nm/sec does not provide a decent film. On the other hand, 2nm Ni-based MPAs have satisfactory spectral absorbance, providing close-to-unity ultra-broadband absorption. 2nm Ti MPA should also, in theory, exhibit decent broadband absorbance. Nonetheless, large ripples exist over the entire absorption band. Ti, in fact, has a better n-k matching, as far as the purpose of perfect absorbers is concerned. Ni extinction (k) is slightly higher than Ti, for the wavelength range from visible to near infrared. Nevertheless, in practice when using e-gun evaporator, Ti film thickness is more difficult to control, and overgrowth is very likely to happen especially at the end of 16-pair deposition due to the heated Ti target. This is potentially due to the higher melting point of Ti compared to Ni. For 2nm Ni with 30nm oxide spacer, the calculated response shows decayed absorption for wavelength >1μm. In the AFM measurement of the fabricated samples, the RMS surface roughness ~3nm in the Ni samples results in pronounced near-field enhancement for wavelength >1μm. Therefore, the experimental absorption is elevated. It should be emphasized that the surface roughness of several nanometer range does not lead to far-field effect. This is evident from comparing the normal incidence absorbance result with integration sphere, demonstrated in Figs. 4 and 5, and the nearly-normal (10°) absorbance result without integration sphere, demonstrated in Figs. 7 and 8. The close similarity between the 10° data in Fig. 8 and the normal date in Fig. 5 supports the fact that the nanometer range surface roughness in our sample does not lead to any noticeable far-field non-specular diffraction orders. We believe the broadband MPA characteristics, which we demonstrate here experimentally, is the closest to the broadband unity absorption, compared to the earlier important effort in the literature [36, 37] . Due to the 2nm-Ni/80nm-SiO2 MPA has close-to-unity absorbance, we use the sample to demonstrate the angular response and omnidirectionality. The measurement setup is illustrated in Fig. 7 . The experimental result for angular measurement is still conducted using Hitachi U-4100 with variable angle assembly P/N 134-0116. The TE and TM incidence are accomplished using a polarizer. Figure 8 shows the absorption at oblique incidence angles from 10° to 60°. The broadband absorption does not significantly vary with polarizations and incidence angles. The physics has been explained using phased ray tracing analysis in section 3. Due to the physics, i.e. the field penetration and the reflected wave cancellation at the ultrathin metal, is robust to wavelength, incidence angle, and polarization in our proposed design, the broadband absorption will not vanish for variable incidence angles and polarizations. It can be seen that the TM polarization has higher performance compared to TE polarization, especially at 60° incidence angle. This is due to the lower reflectance for TM polarizations at the metal-oxide interface for oblique incident angles. It is well known that Brewster angle (θB) only exists for TM polarized light. As a result, the TM angular reflectance is lower than TE for most material interfaces. The last thing to point out is that the absorbance at the nearly normal directions (10°) in Fig. 8 is quite the same as the normal incidence absorbance using integration sphere in Fig. 5 , indicating the far-field non-specular power is absent. This is reasonable since the structure here is planar. It should be mentioned again that although in the setup in Fig. 7 , only the specular component of T and R is measured, it equals the total T and R due to the planar geometry. In addition, the surface roughness of our sample is only several nanometer, which is not sufficient to lead to any farfield non-specular diffractions. As a result, the absorbance in Fig. 8 can be regarded as accurate total absorbance. This point can be confirmed by noticing the close similarity between the normal date in Fig. 5 and the 10° data in Fig. 8 , where integration sphere is present in Fig. 5 but absent in Fig. 8 . Fig. 7 . The measurement set-up for the oblique-incidence specular reflectance/transmittance. Integration sphere is not directly attached to the sample, and thus, only specular reflectance/transmittance is collected. Nevertheless, the specular reflectance/transmittance equals total reflectance/transmittance due to the planar multi-layer structure. Fig. 7 . The specular T and R is measured in this case. Nevertheless, due to the planar geometry, the specular power is equal to the total power. In these samples, the measured T is zero due to the 200nm Ni bottom plate.
Reflectance Measurement Transmittance Measurement
To further confirm the superior omnidirectionality of our proposed MPAs, we use another configuration to measure its angular response, illustrated in Fig. 9 . In this measurement, the sample is placed in an integration sphere, and in this case, both specular and non-specular reflectance and transmittance are collected by the integration sphere. The wavelength measurement range of this integration sphere system is λ = 400nm to λ = 1000nm due to the fact that it is a solar cell angular measurement system. In fact, the planar structure has no diffraction and thus no integration sphere is necessary. An Ocean Optics QE65000 spectrometer and a Xe lamp are used. No polarizer is installed, and thus all polarizations exist. The measured spectral absorption for various incidence angles is shown in Fig. 10 .
Sample Light source
Integral sphere Fig. 9 . The measurement set-up for the total transmittance and total reflectance. The transmitted and reflected rays are summed together using integration sphere. In fact, the transmittance is zero for this sample due to 200nm Ni bottom plate. The wavelength measurement range of this integration sphere system is λ = 400nm to λ = 1000nm. No polarizer is installed, and thus all polarizations exist. 
Transmittance and Reflectance Measurement

Conclusion
In this work, we present an analysis model that pinpoints the key physics behind the ultrabroadband and omnidirectional nature of the field-penetration MPAs. The infinite series, for the reflected and transmitted rays of different-orders, reveal that the reflection at the ultra-thin metal film can be made minimal provided the film thickness is much smaller than the skindepth of the metallic material. Similar to the quarter-wavelength slabs for DBRs, the ultrathin metal film thickness is identified as the key part for broadband omnidirectional perfect absorption. At ultrathin metal thickness, the field penetration and the reflected wave cancellation phenomenon will not change significantly with wavelength, incident angle, and polarization. This point is verified by an analytical model using series technique and waveoptics RCWA calculation. More importantly, the angular response for both TE and TM polarizations is measured for the proposed MPAs, and the ultra-broadband absorption can be sustained until 60 degrees. The detailed measurement with or without integration sphere, at various incident angles for UV-VIS-NIR wavelength range, is presented. The result confirms that the physics of field-penetration and reflected-wave-cancellation are robust to wide incidence angles. We think the proposed omnidirectional, polarization-independent, and ultrabroadband MPAs can be very promising for future nano-photonic applications.
